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ABSTRACT
We compare predictions of a number of empirical models and numerical simulations
of galaxy formation to the conditional stellar mass functions (CSMF) of galaxies in
groups of different masses obtained recently by Lan et al. to test how well different
models accommodate the data. The observational data clearly prefer a model in which
star formation in low-mass halos changes behavior at a characteristic redshift zc ∼ 2.
There is also tentative evidence that this characteristic redshift depends on environ-
ment, becoming zc ∼ 4 in regions that eventually evolve into rich clusters of galaxies.
The constrained model is used to understand how galaxies form and evolve in dark
matter halos, and to make predictions for other statistical properties of the galaxy
population, such as the stellar mass functions of galaxies at high z, the star formation
and stellar mass assembly histories in dark matter halos. A comparison of our model
predictions with those of other empirical models shows that different models can make
vastly different predictions, even though all of them are tuned to match the observed
stellar mass functions of galaxies.
Key words: methods: statistical – galaxies: formation – galaxies: evolution – galaxies:
haloes.
1 INTRODUCTION
In the current paradigm of structure formation within the
Λ cold dark matter (ΛCDM) framework, initial small fluc-
tuations in the cosmic density field are amplified by gravita-
tional instability, eventually forming highly nonlinear struc-
tures called dark matter halos (see Mo et al. (2010) for a
review). Galaxies then form at the centers of the gravita-
tional potential wells of the dark matter halos by radiative
cooling and condensations of baryonic gas (e.g. White &
Rees 1978; Fall & Efstathiou 1980; Mo et al. 1998). In order
to reproduce the observed stellar mass function of galaxies
in the CDM scenario, however, star formation in dark mat-
ter halos has to be inefficient (e.g. Yang et al. 2003), and
various feedback processes have been proposed to suppress
the star formation efficiency in dark matter halos.
In this framework, therefore, galaxy formation and evo-
lution are governed by a number of physical processes which,
in turn, are characterized by a number of characteristic
scales. First, cosmological N -body simulations have shown
that the assembly histories of dark matter halos in general
? E-mail: slim@astro.umass.edu
consist of two distinctive phases: an earlier phase of fast mass
acquisition during which the potential well of a halo deep-
ens rapidly with time, and a later phase of slow accretion,
with a time scale longer than the Hubble time (e.g. Zhao
et al. 2003). Zhao et al. (2009) found that the two phases
are separated at a time when a halo obtains about ∼ 4% of
its final mass (see also van den Bosch et al. 2014). Second,
hydrodynamical simulations have demonstrated that radia-
tive cooling is effective in halos with masses smaller than
Mh ∼ 6×1011M, so that the accretion rate of cold gas into
galaxies is determined by the halo mass accretion rate, in-
dependent of radiative cooing (e.g. Keres˘ et al. 2005, 2009).
Above this mass scale, on the other hand, radiative cooling
is ineffective, so that the cold gas accretion is delayed by
the cooling time scale. For massive halos with masses above
1013M, a significant fraction of the baryonic gas is expected
to be in the hot halo in the absence of a heating source.
Third, supernova feedback from star formation is believed
to be effective for halos with masses below ∼ 1011M (e.g.
Dekel & Silk 1986; Somerville et al. 2008; Lu et al. 2012).
Finally AGN feedback from accreting super-massive black
holes has been proposed as a mechanism to suppress star for-
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mation in massive halos, with masses above Mh ∼ 1013M
(e.g. Ferrarese & Merritt 2000; McConnell et al. 2011).
A number of approaches have been adopted to explore
the physical processes that govern galaxy formation and evo-
lution, and to facilitate comparisons between theory and
observation. The first is hydrodynamical simulation that
includes both dark matter and baryonic components (e.g.
Dubois et al. 2014; Khandai et al. 2015; Vogelsberger et al.
2014; Schaye et al. 2015). However, due to limited resolution
and subgrid implementations of some key processes, the re-
sults obtained from such simulations are still questionable,
even though they can match some observational data (e.g.
Governato et al. 2004, 2010; Okamoto et al. 2005; Guedes
et al. 2011). Furthermore, high resolution hydrodynamical
simulations are computationally expensive, which prohibits
the explorations of a large parameter space. Because of this,
an alternative approach, the semi-analytic model (SAM) of
galaxy formation, has been developed (e.g. White & Frenk
1991; Kauffmann et al. 1999; Kang et al. 2005; Bower et
al. 2006; Croton et al. 2006; Somerville et al. 2008; Guo
et al. 2011; Lu et al. 2011). The SAM approach combines
halo merger histories, obtained either from dark-matter only
simulations or from analytical models, with gas and star for-
mation processes using parametrized functions that describe
the underlying physical processes. This approach is compu-
tationally inexpensive, allowing one to investigate a large set
of different models. However, since all the physical processes
are approximated with simple empirical functions, the reli-
ability and accuracy of this approach needs to be checked.
More recently, a third approach has been adopted to under-
stand how galaxies form and evolve in the cosmic density
field. The goal of this approach is to establish the connec-
tions between galaxies and dark matter halos through an
empirical approach, using observational data as constraints.
Models developed along this line include the halo occupation
distribution (HOD; e.g. Jing et al. 1998; Peacock & Smith
2000; White 2001; Berlind & Weinberg 2002; Bullock et al.
2002; Zehavi et al. 2004, 2011), the conditional luminosity
function (CLF; Yang et al. 2003, 2012; van den Bosch et al.
2003), the halo abundance matching model (HAM; Kravtsov
et al. 2004; Vale & Ostriker 2004, 2006; Conroy et al. 2006;
Behroozi et al. 2010; Guo et al. 2010; Moster et al. 2010;
Reddick et al. 2013), and the halo-based empirical model
(Lu et al. 2014, 2015).
To a certain degree, both the SAM and empirical ap-
proaches are methods to summarize observational data in
terms of model parameters characterizing the galaxy-halo
connections. Much progress has been made recently in this
area. Using the CLF model and constraints of the observed
luminosity function and correlation function of galaxies,
Yang et al. (2003) found a characteristic halo mass scale,
∼ 1012M, in the relationship between galaxy luminos-
ity/stellar mass and halo mass relation, suggesting that star
formation efficiency declines rapidly toward both the higher
and lower mass ends. With the use of galaxy groups selected
from the 2dF (Yang et al. 2005) and SDSS (Yang et al. 2007),
Yang et al. (2005) found a similar mass scale from the ob-
served galaxy luminosity/stellar mass - halo mass relations
obtained directly from galaxy groups. In particular, Yang
et al. (2005) suggested the existence of another characteris-
tic mass scale, ∼ 1011M, where the galaxy luminosity-halo
mass relation may change its behavior. Similar results have
since been obtained at higher z with the use of the observed
luminosity/stellar mass functions of galaxies. In particular,
the presence of the mass scale at ∼ 1012M seems to ex-
tend to higher z without showing strong evolution (Moster
et al. 2010; Behroozi et al. 2013; Guo et al. 2010; Yang et
al. 2012).
More recently, Lu et al. (2014, 2015) developed a halo-
based empirical model to follow the star formation and stel-
lar mass assembly histories of galaxies in dark matter ha-
los. In particular, they used the observed conditional lu-
minosity functions of cluster galaxies obtained by Popesso
et al. (2006) as an constraint in addition to the field stel-
lar mass functions at different redshifts. They found that
the observational data require two additional characteris-
tic scales, a characteristic redshift, z ∼ 2 − 3, and a corre-
sponding mass scale at 1011M, below which star formation
changes behavior at the characteristic redshift. These results
clearly demonstrate that the observed conditional luminos-
ity/stellar mass function of galaxies in clusters can provide
important information about galaxy formation and evolu-
tion at high redshift. However, since clusters of galaxies only
contain a small fraction of the total galaxy population, the
results may be affected by some environmental effects that
are specific only to clusters of galaxies.
Using the galaxy groups of Yang et al. (2007) combined
with galaxies in the SDSS photometric catalogue, Lan et
al. (2016) have recently measured the conditional luminos-
ity/stellar mass functions (hereafter CSMFs) that cover four
orders of magnitude in galaxy luminosity, and three orders of
magnitude in halo mass, from∼ 1012 to 1015M. They found
a characteristic luminosity scale, L ∼ 109L, below which
the slope of the CSMF becomes systematically steeper, and
that this trend is present for all halo masses. This ubiquitous
faint-end upturn suggests that it is formation, rather than
cluster-specific environmental effect, that plays the domi-
nating role in regulating the stellar masses of faint satel-
lites. Clearly, these observational results will provide new
constraints on models.
This paper consists of two parts. First, we use the new
CSMFs to update the empirical model of Lu et al. (2014,
2015) and show that there is only marginal difference be-
tween the original model and the updated model. Second,
we compare model predictions from empirical models and
numerical simulations to the CSMFs of Lan et al. to test
how well different models accommodate the new data. We
will show that, among all the models considered, only the Lu
et al. (2014, 2015) model can match the observational data
reasonably well. Also, we present predictions of the different
models for other statistical properties of the galaxy popula-
tion.
The organization of this paper is as follows. Section 2
describes the empirical models to be tested and two recent
numerical simulations, Illustris (Vogelsberger et al. 2014)
and EAGLE (Schaye et al. 2015), to be compared. In Sec-
tion 3, we describe the observational data that are used in
our analysis, and present comparisons of the empirical mod-
els and the simulations with them. In Section 4, we present
a more detailed comparison of the model predictions in star
formation rate, stellar mass - halo mass relation, mass as-
sembly history, and stellar mass function for high redshifts.
Finally, we summarize and discuss our results in Section 5.
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Table 1. A list of the models and the simulations.
Model Reference
/ Simulation
Y12 Yang et al. (2012)
M13 Moster et al. (2013)
B13 Behroozi et al. (2013)
L15 Lu et al. (2015)
L15-U this work
Illustris Vogelsberger et al. (2014)
EAGLE Schaye et al. (2015)
2 MODELS
In this paper we select a number of popular empirical models
and two recent hydrodynamical simulations to test against
observational data. Here we describe these models and sim-
ulations briefly. Table 1 lists the models and the simulations
that we test. Readers are referred to the original papers for
details.
2.1 Empirical models
One of the simplest way to link galaxies to their dark matter
halo/subhalo population is to use halo abundance matching
(e.g. Mo et al. 1999). This approach assumes a monotonic
relation between halo mass and galaxy stellar mass. Satel-
lite galaxies observed at a given redshift were all once central
galaxies before they were accreted onto larger halos. Since
satellites are expected to evolve differently due to environ-
mental effects such as tidal stripping and ram pressure strip-
ping, many abundance matching models apply a monotonic
relation between galaxy stellar mass and halo mass at the
time when a halo first became a subhalo, instead of at the
time of observation. Most of previous investigations make
the assumption that the halo mass - galaxy mass relation is
independent of when a sub-halo is accreted into its host (e.g.
Vale & Ostriker 2004, 2006; Conroy et al. 2006; Behroozi et
al. 2010; Guo et al. 2010; Moster et al. 2010). With this
assumption, at a given redshift, halos of a given mass are
therefore always linked to galaxies of the same stellar mass.
However, it was found that applying this method to differ-
ent redshifts actually leads to different stellar mass - halo
mass relation (e.g. Conroy et al. 2006), suggesting that the
method implemented in this way is not self-consistent. As
an improvement, models have been developed in which the
galaxy-halo relation is allowed to depend on both halo mass
(defined e.g. at the time when a halo first becomes a sub-
halo) and the time when a halo becomes a sub-halo. We test
four models in this category, by Yang et al. (2012), Moster
et al. (2013), Behroozi et al. (2013), and Lu et al. (2015),
respectively.
2.1.1 Yang et al. model
The model of Yang et al. (2012) (Y12, hereafter) takes the
same functional form as that proposed in Yang et al. (2003)
for the halo mass - galaxy luminosity/stellar mass relation:
M∗
Mh
= N
[(
Mh
M1
)−β
+
(
Mh
M1
)γ]−1
. (1)
This is basically a double power law specified by two asymp-
totic slopes, β and γ, describing the low- and high-mass end
behaviors, respectively, and by a characteristic mass scale
M1 where the transition between the two power laws oc-
curs, and with N being an overall amplitude. The four free
parameters were assumed to be redshift dependent and the
dependencies were modeled by simple functions. The above
relation was used to assign stellar masses to halos at different
redshifts. They adopted the halo mass function of Sheth et
al. (2001) to model the halo population. For sub-halos, the
model of Yang et al. (2011) was used to follow both the mass
function and the distribution in the accretion time (the time
when a halo first becomes a subhalo). A stellar mass is as-
signed to a sub-halo at the time of accretion according to its
mass at that time using equation (1). The subsequent evolu-
tion of the satellite associated with a sub-halo was followed
according to its orbit determined through a dynamical fric-
tion model. The model parameters were then obtained by
fitting the model predictions to the observed stellar mass
functions (SMFs) of galaxies from z = 0 to 4, and the cor-
relation function of z ∼ 0 galaxies as a function of galaxy
luminosity/stellar mass.
2.1.2 Moster et al. model
Moster et al. (2013) (M13) adopted a similar double power-
law for the stellar mass - halo mass relation as described
by equation (1), and simple functional forms to describe the
redshift dependencies of the model parameters. They applied
the relation to halos and sub-halos obtained from N -body
simulations. Individual halos and sub-halos are matched and
traced across different snapshots (i.e. different redshifts), so
that merger trees are generated to track their evolutions.
Galaxies hosted at the centers of halos and sub-halos were
referred to as centrals and satellites, respectively. For cen-
trals, the stellar masses were given by the stellar mass -
halo mass relation using the redshift and halo mass at the
snapshot in question. For satellites, the stellar masses were
obtained by applying the stellar mass - halo mass relation
at the redshift when their halos first became sub-halos us-
ing their halo masses at this redshift, as in Y12. The stellar
mass of a satellite was assumed to remain unchanged in the
subsequent evolution. Some uncertainties in the stellar mass
- halo mass relation were taken into account. Model parame-
ters characterizing the stellar mass - halo mass relation were
then tuned to match a set of observed SMFs from z = 0 to
4.
2.1.3 Berhoozi et al. model
The approach adopted by Behroozi et al. (2013) (B13) was
similar to those of Y12 and M13, but the stellar mass -
halo mass relation assumed was more complicated and was
designed in part to reproduce the observed SMFs at the faint
ends. Here again, halo merger trees extracted from N -body
simulations were used to trace the formation of dark matter
halos. As in Y12 and M13, they applied their stellar mass -
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halo mass relation to ‘infall’ mass at the time of accretion
to assign stellar masses to subhalos. Subsequent stellar mass
loss of satellites after their accretion into their host halos
was also taken into account. Finally, they used the observed
SMFs at z = 0 - 8, as well as the cosmic star formation rates
and specific star formation rates, to constrain their model
parameters.
2.1.4 Lu et al. model
The Lu et al. (2014, 2015) model (hereafter L15) was based
on the star formation rate (SFR) - halo mass relation as a
function of redshift:
M˙∗(Mh, z) = ε
fbMh
τ
(x+ 1)α
(
x+R
x+ 1
)β( x
x+R
)γ
(2)
where fb = Ωb,0/Ωm,0, τ = [10H0(1+z)3/2]−1 approximates
the dynamical time of halos, x ≡ Mh/Mc, with Mc being a
characteristic mass scale and R is parameter of 0 6 R 6 1.
Thus, M˙∗/Mh ∝ M{α,β,γ}h for {Mh  Mc, RMc < Mh <
Mc, and Mh  RMc}, respectively. This relation is applied
only to central galaxies. After a galaxy becomes a satellite,
Lu et al. assumed that it moves on an orbit determined by
its initial energy and orbital angular momentum together
with dynamical friction. A satellite galaxy is assumed to
merge with the central galaxy once it sinks to the center of
the halo. At this time, it adds a fraction (treated as a free
parameter, fsc) of its mass to the central galaxy, and the
rest is assumed to become halo stars. The SFRs in satellites
were modeled with a simple exponential model,
M˙∗,sat ∝ exp
[
− t− tacc
τs
]
(3)
where tacc is the time when the galaxy becomes a satellite,
and τs = τs,0 exp
[
− M∗/M∗,c
]
is adopted to reflect halo
mass dependence of the time scale, with τs,0 andM∗,c being
free parameters. The stellar mass in a galaxy is then ob-
tained by integrating the SFR over time, taking into account
mass loss due to stellar evolution. Lu et al. used halo merger
trees generated with the algorithm developed by Parkinson
et al. (2008), which is based on the extended Press-Schechter
formalism calibrated with N -body simulations.
Lu et al. adjusted both their functional forms and free
parameters to match the SMFs at 0 < z < 4 and the CSMFs
of galaxies in clusters of galaxies as given by Popesso et al.
(2006). They found that the model assuming all the pa-
rameters to be independent of redshift is not able to match
the observed SMFs at high redshift. They therefore ex-
tended their model by allowing α to change with redshift
as α = α0(1 + z)α
′
. This model was referred to as Model II
in Lu et al.. Model II was found to be able to describe all
the stellar mass functions (SMFs) at both low and high red-
shifts, but fails to match the faint-end upturn in the CSMF
of cluster galaxies. Because of this, Lu et al. extended their
model once more by allowing the parameter γ, which dic-
tates the SFR in low-mass halos, to depend on redshift:
γ = γa if z 6 zc
= (γa − γb)
(
1 + z
1 + zc
)γ′
if z > zc
In this model, referred to as Model III by Lu et al., γ → γb
at z  zc, and the free parameter, γ′, controls how rapidly
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Figure 1. The average star formation rate of central galaxies
as a function of halo mass at different redshifts as predicted by
the original L15 model (dashed lines) and the L15-U model (solid
lines).
the transition to γb occurs above the characteristic redshift
zc. This Model III was found to be able to fit both the
SMFs at different redshifts and the CSMF of cluster galaxies
simultaneously.
2.1.5 Updating the parameters of the L15 model
Instead of using the model parameters of Lu et al., we use
only the observed CSMFs as constraints to update the model
parameters. We use the MULTINEST method developed by
Feroz et al. (2009), which makes use of the nested sampling
algorithm of Skilling et al. (2006), to compute the poste-
rior distribution of the model parameters. The MULTINEST
is found to yield practically the same results as the tradi-
tional MCMC method but with ∼ 10 times smaller number
of likelihood calculations for the problem concerned here.
The reader is referred to the original papers for details.
Table 2 compares the updated parameters with the
model parameters of Lu et al. The average star formation
rates predicted with the updated parameters at various red-
shifts are very similar to those obtained by L15, as shown in
Figure 1. We also found that the differences in the two pa-
rameter sets result only in marginal changes in the CSMFs in
that the updated model (hereafter L15-U) predicts slightly
flatter slopes at the faint-ends for massive haloes. This is
owing to the fact that the Lan et al. CLFs have shallower
faint-end slopes for massive halos than the cluster galaxy
luminosity function used by L15. The marginal difference
between the two parameter sets demonstrates that the low-
z CSMFs alone can constrain models in a similar way as the
field SMFs at different redshifts. Furthermore, as we will see
in §4), they also contain information about the low-mass
end of the SMF at high z, where direct observations are still
uncertain. We use L15-U to present results throughout this
paper.
c© 2016 RAS, MNRAS 000, 1–17
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Table 2. A list of the model parameters. The me-
dians and the standard deviations are presented.
parameters L15 L15-U
α0 −3.0± 1.0 −2.7± 0.79
α′ −0.36± 0.16 −0.32± 0.21
β 3.7± 0.73 3.5± 1.0
γa 2.0± 0.55 1.3± 0.69
γb −0.84± 0.14 −1.1± 0.21
γ′ −4.4± 0.52 −3.1± 0.88
zc 1.8± 0.31 2.0± 0.28
log10 Mc 1.6± 0.15 1.6± 0.11
log10 R −0.86± 0.18 −0.92± 0.20
ε 0.20± 0.29 0.050± 0.11
log10H0τs,0 −0.90± 0.16 −0.85± 0.11
log10 M∗,c 0.34± 0.28 0.18± 0.19
fsc 0.44± 0.22 0.52± 0.15
2.1.6 Need for a more extended model family?
As mentioned above, L15 assumed the characteristic red-
shift, zc, the redshift at which the SFR in low mass pro-
genitors changes behavior, to be independent of the host
halo mass. However, it is plausible that zc depends on the
host halo mass, because structure formation, and presum-
ably star formation, are expected to occur earlier in regions
that correspond to higher mass halos at the present day.
Motivated by this, we test a more extended model family
in which the characteristic redshift changes with host halo
mass at z = 0, Mh(0):
(1 + zc) = (1 + zc,0)
(
Mh(0)
1012M
)ζ
(4)
where ζ controls the halo mass dependence of zc, and zc,0 is
zc for halos ofMh(0) = 1012M. We use the same CSMFs as
used in the earlier subsection to constrain model parameters.
To test if such an extension is necessary, we use the
Bayes factor,
K =
P (D|M1)
P (D|M2) =
∫
P (D|θ1,M1)P (θ1|M1)dθ1∫
P (D|θ2,M2)P (θ2|M2)dθ2
, (5)
where D is a given data set, M1 and M2 are two different
models, and θ1 and θ2 are the parameter space of the models.
This factor quantifies the preference of a given data set for
one model family over the other. As it integrates over all
parameter space of each of the model families, it naturally
penalizes over-fitting.
When all the data points of the CSMFs are used as
constraints, the Bayes factor between the extended model
(the one including ζ) and the original L15 parametrization
is given by 2 lnK ≈ 56, which indicates a strong need for
having ζ statistically. The median value of ζ ≈ 0.064 thus
obtained implies that the characteristic redshift zc is z ≈ 3.8
for halos of Mh(0) = 1015M, in comparison to zc ≈ 2.1 for
halos with Mh(0) = 1012M. This increase of zc with host
halo mass leads to flatter faint-end slopes for massive halos,
giving better matches to the faint-ends of the CSMFs for
both low-mass and high-mass halos.
It is worth noting, however, that the uncertainties in the
stellar mass estimates may change the CSMFs in both the
lowest and highest mass ends, where the slopes of the CSMF
are steep. As a test, we use only the CSMFs in the range
M∗ = [108, 1011]M as the observational constraints. In this
case, the models with or without ζ are almost equally favored
in terms of the Bayes factor. Given these, we conclude that
the original form of the L15 model can still accommodate the
new CSMFs, and that the current data are still too uncertain
to determine if a more extended model family is required.
2.1.7 Model implementations
We implement the empirical models described above to the
dark matter halo population. We use the algorithm devel-
oped by Parkinson et al. (2008) to generate halo merger trees
and to follow the build-up of dark matter halos. As men-
tioned above, this algorithm is based on the extended Press-
Schechter formalism calibrated with results from N -body
simulations. As shown in Jiang & van den Bosch (2014), the
predictions of this algorithm match accurately many proper-
ties of halo merger trees obtained directly from simulations,
including halo mass assembly history, halo merger rate, and
sub-halo mass functions.
The empirical models described above also take into
account some uncertainties in the observational data and in
the model assumptions, such as the intrinsic scatter in the
stellar mass - halo mass relation, uncertainties in the stellar
population synthesis and dust models, Eddington bias, and
errors in redshift measurements. Unfortunately, how these
uncertainties change as a function of redshift is poorly es-
tablished. They are treated differently in different models.
M13 adopted constant scatter in the stellar mass - halo
mass relation and in the stellar mass estimate, while B13
parametrized the uncertainties as functions of redshift and
treated them as a new set of free parameters to be deter-
mined in their model fitting. The treatment by Y12 lies in
between. In our implementations, we follow each individual
model as close as possible.
We use WMAP7 cosmology to obtain the halo mass
function, to construct halo merger trees, and to estimate
distances from redshifts. We adopt the Chabrier (2003) IMF,
the stellar population synthesis model of Bruzual & Charlot
(2003) to account for stellar mass loss and to obtain stellar
mass function from observations. These assumptions are the
same as adopted in the original models, except for Y12 where
a Kroupa (2001) IMF was adopted. We correct the stellar
masses of Y12 model by a factor of ∼ 1.4/1.7 to match the
IMF we adopt.
2.2 Hydrodynamical simulations
We also test the predictions from two recent high-resolution,
cosmological hydrodynamical simulations. The first is Illus-
tris simulation (Nelson et al. 2015), which follows 18203 par-
ticles for each of the gas and dark matter components in a
total volume of (106.5 Mpc)3, assuming WMAP9 cosmol-
c© 2016 RAS, MNRAS 000, 1–17
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ogy ({Ωm,ΩΛ, h} = {0.273, 0.727, 0.704}). The other com-
ponents the simulation traces are stars, stellar wind parti-
cles, and super-massive black holes. The simulation starts
from z = 127 and includes physical processes such as ra-
diative cooling, star formation, and various feedback pro-
cesses. The free parameters in their model were constrained
by using the star formation efficiency obtained from separate
simulations that are more accurate in resolving small-scale
structures. In our analysis, we use Illustris-1, their flagship
simulation that has the highest mass resolution (1.6×106M
and 6.3× 106M for baryon and dark matter, respectively).
To match the set of observations adopted here for model
testing, we use the snapshot at z = 0.03, which contains a
total of 7, 647, 219 groups identified by the FoF algorithm.
In the simulation, galaxies are defined according to the spa-
tial distribution of stars and stellar wind particles, and the
brightness profile fit to them. The simulation assumes the
Chabrier (2003) IMF and the stellar population synthesis
model of Bruzual & Charlot (2003). As the cosmological
parameters of WMAP9 are similar to those of WMAP7,
the difference in cosmology is ignored in our analysis. We
bin their stellar masses to obtain the stellar mass function
(SMF).
Another simulation we use is the Evolution and Assem-
bly of GaLaxies and their Environments (EAGLE; Schaye
et al. 2015). EAGLE traces the evolution of gas, stars, dark
matter, and massive black holes, and implements physically
motivated models for gas cooling, star formation law, stel-
lar and AGN feedback. The free parameters of the feedback
models were tuned to match the SMF and black hole mass
- stellar mass relation at z ∼ 0. The simulation starts from
z = 127 and adopts cosmological parameters from Planck:
(Ωm,ΩΛ, h) = (0.307, 0.693, 0.678) (Planck 2014). We use
their simulation of the largest volume of (100Mpc)3 for our
analysis. It contains ∼ 10, 000 galaxies with stellar masses
similar to or above that of the Milky Way. Unfortunately,
recalibrating their result to account for different cosmology
is not trivial, since the impact of changing the parameters to
the mass function is highly non-linear in principle. However,
the other uncertainties that enter the models or the data
must overpower the change in cosmology. We thus do not
attempt any recalibration of the simulation results to ac-
count for the difference in cosmology. The Chabrier (2003)
IMF and the spectral synthesis model of Bruzual & Charlot
(2003) were assumed. We bin their stellar masses to get the
stellar mass function.
3 COMPARISONS WITH OBSERVATIONAL
DATA
In this section, we describe all observational data used for
our analyses. These include the stellar mass function (SMF)
of the general galaxy population (§3.1), the SMFs separately
for central and satellite galaxies (§3.2), and the conditional
stellar mass functions (CSMFs) of galaxies (§3.3).
3.1 The field stellar mass function of galaxies at
z ∼ 0
We use the local (z ≈ 0.1) SMF obtained from the combi-
nation of the results obtained by Baldry et al. (2008) and
Moustakas et al. (2013). The data for stellar masses below
M∗ ≈ 109M is from Baldry et al., while the data at larger
stellar masses is from Moustakas et al.. Here we briefly sum-
marize the methodologies with which the SMFs were com-
puted, and refer the reader to their original papers for de-
tails.
Baldry et al. used the New York University Value-
Added Galaxy Catalogue (NYU-VAGC; Blanton et al.
2005), which includes 49, 968 galaxies at z < 0.05, to con-
struct the local SMF. They adopted the stellar mass esti-
mates from Kauffmann et al. (2003), Gallazzi et al. (2005),
and Panter et al. (2007). In the data set we use, the stellar
mass estimates are corrected to a Chabrier (2003) IMF.
Moustakas et al. estimated the local SMF using galax-
ies cross-identified between the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7; Abazajian et al. 2009) and the
Galaxy Evolution Explorer (GALEX; Martin et al. 2011)
Deep Imaging Survey. This results in ∼ 170, 000 galaxies
with a total sky coverage of 2505 deg2. Near-infrared pho-
tometry of these galaxies was obtained from the Two Mi-
cron All Sky Survey (2MASS; Skrutskie et al. 2006) and
the Wide-field Infrared Survey Explorer (WISE; Wright et
al. 2010). The photometry in a total of 12 bands (near-UV
and far-UV of the GALEX, ugriz bands from SDSS model
magnitudes, JHKs magnitudes from the 2MASS, and the
integrated photometry at 3.4 and 4.6µm from the WISE
All-Sky Data Release) was used to infer the galaxy stellar
masses from spectral energy distribution (SED) modelling.
More specifically, Moustakas et al. used the Flexible Stel-
lar Population Synthesis model of Conroy et al. (2009), a
Chabrier (2003) initial mass function (IMF), exponentially
declining star formation histories (SFHs), and the dust at-
tenuation curve of Charlot & Fall (2000), to model the SEDs
of individual galaxies. The SMF obtained by Moustakas et
al. (2013) is in good agreement with some previous mea-
surements, such as those of Cole et al. (2001), Li & White
(2009), and Baldry et al. (2012). See their Appendix B for
detailed analyses how variations in the IMF, SFH, spectral
synthesis model, and dust attenuation can affect the SMF
obtained.
The left panel of Figure 2 compares the predictions of
the empirical models with the observed local SMF described
above. As one can see, the prediction of the Y12 model is
too flat in the low-mass end to match the upturn seen in
the observation. This discrepancy owes partly to the sim-
ple functional form (a double power-law) they adopted for
the stellar mass-halo mass relation, and partly to the SMFs
that they used as observational constraints. In fact, Y12
found that the two sets of SMFs at high redshifts that they
adopted led to significant differences in the inferred values
of model parameters. The results used here are the predic-
tions of ‘SMF2’ referred in the original paper. The model of
M13 also predicts a shallower faint-end slope than the ob-
servational data. Similar to Y12, M13 also adopted a simple
double power-law form for the stellar mass - halo mass re-
lation, and used a local SMF that has shallower faint-end
slope than the one adopted here to constrain their param-
eters. In contrast, the prediction of B13 matches well the
observed SMF, even in the faint end. B13 adopted a rather
flexible functional form for the stellar mass - halo mass re-
lation, which is probably required to match the faint-end
upturn in the SMF. In addition B13 adopted the combined
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Figure 2. The observed stellar mass function of galaxies (data points) in comparison with the predictions of individual empirical models
(left) and hydrodynamical simulations (right), as indicated in the panels. The vertical lines in the right panel show the resolution limits
of the two simulations, as given in the original papers describing the simulations. The Poisson errors are presented for the simulations.
SMF of Baldry et al. (2008) and Moustakas et al. (2013)
as one of their observational constraints, and so the good
match between the model prediction and the data is not
surprising. The prediction of the L15 model also matches
well the observational data. Note that L15 used the SMF
of Baldry et al. (2012) as an observational constraint. Their
SMF extends only to 108.5M and so the faint-end upturn
is not well represented. The faint-end upturn predicted by
L15 is largely due to the CSMF of galaxies in rich clusters,
as given by Popesso et al. (2006), they adopted to constrain
their model.
The right panel of Figure 2 compares the numerical sim-
ulation results with the observational data. Illustris simula-
tion produces too many galaxies in the intermediate mass
range as well as in the massive end, but too few low-mass
galaxies. The overall shape of the predicted SMF is very dif-
ferent from that of the observed SMF. On the other hand,
the prediction of EAGLE simulation matches the observa-
tional data reasonably well above the resolution limit. This
may not be very surprising, because the free parameters in
EAGLE simulation were tuned to match local observations.
Unfortunately, the relatively poor mass resolution does not
allow us to investigate whether a faint-end upturn is pre-
dicted in the simulation.
3.2 Central and satellite galaxies
Using the group memberships provided by Yang et al. (2007)
group catalog (see next subsection for more details), we can
separate galaxies into two populations, centrals and satel-
lites. A central galaxy is defined to be the most massive
member in a group, while all other members in a group are
called satellites. The CSMFs can then be estimated sepa-
rately for the centrals and satellites. Formerly the total SMF
can be expressed in terms of these conditional functions as
Φtot(M∗) =
∫ ∞
Mh,min
dMh n(Mh)× (6)
{Φcen(M∗|Mh) + Φsat(M∗|Mh)} ,
where Φcen(M∗|Mh) and Φsat(M∗|Mh) are the CSMFs of the
centrals and satellites, respectively, in halos of mass Mh,
while n(Mh) is the halo mass function, which is the num-
ber density of halos of masses between Mh and Mh + dMh.
In Lan et al. (2016), the CSMFs are given only for satel-
lites in groups with halo masses above 1012M (see the next
subsection for details). The satellite SMF used here is ob-
tained directly from their measurements by summing up the
CSMFs of such halos. For central galaxies, we use the results
obtained by Yang et al. (2012) from their group catalog.
Since the group catalog is based on the SDSS spectroscopic
data, the central SMF was measured only for galaxies above
108M (see table 6 in their paper).
The data points in Figure 3 show the SMFs for central
and satellite galaxies, respectively. Separating galaxies into
centrals and satellites provides more information about the
galaxy population than the total SMF alone, and Figure 2
and Figure 3 demonstrate this point clearly. For instance, al-
though the empirical model by B13 (see §2) matches well the
faint-end upturn in the observed total SMF, this match is
now revealed as due to an excess in the SMF of central galax-
ies combined with a deficit in the SMF of satellite galaxies.
The M13 model has similar problems; it under-estimates the
number of satellite galaxies at the low-mass end even more
strongly than B13. The Y12 model matches the central SMF
reasonably well, but it fails to reproduce the strong upturn
in the low-mass end seen in the observed SMF of satellite
galaxies. Overall, the L15 model can match both the ob-
served central and satellite SMFs, although some discrepan-
cies in details can still be seen. This match is not trivial,
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Figure 3. The observed stellar mass function of central (data points in the upper two panels) and satellite (data points in the lower
two panels) galaxies, in comparison with the predictions by individual empirical models (left panels) and gas simulations (right panels),
as indicated. The completeness in stellar mass from the observation of centrals is not guaranteed for M∗ < 108M. The vertical lines in
the right panels show the resolution limits of the two simulations, as given in the original papers describing the simulations.
because these observations were not used as constraints in
L15.
The comparisons of the two gas simulations with the
observational results are shown in the right two panels of
Figure 3. Here we see that the EAGLE simulation matches
the observational data reasonably well above its mass resolu-
tion limit. Illustris simulation matches the SMF of satellites
only in the intermediate mass range; it over-predicts the cen-
tral SMF over almost the entire mass range, except at the
knee of the SMF.
3.3 The conditional stellar mass functions of
galaxies in groups
We use the CSMFs obtained by Lan et al. (2016) as our
main data set to compare with models. Here we summarize
briefly their methodology and results. Lan et al. used galaxy
samples from the NYU-VAGC, which is based on the Sloan
Digital Sky Survey Data Release 7 (SDSS DR7; Abazajian
et al. 2009). A K-correction was applied using the model
of Blanton et al. (2003). In order to associate galaxies with
clusters/groups of galaxies, they adopted the group catalog
of Yang et al. (2007), which was constructed by applying the
halo-based group finder developed by Yang et al. (2005) to
the SDSS DR7. The group finder assigns galaxies into halos
using certain criteria in phase space, and galaxies residing in
a common halo are considered to be members of the same
group. More specifically, a tentative halo mass is assigned
to a tentative group based on the galaxies that have already
been assigned to the group, assuming a monotonic relation
between the total stellar mass of all assigned members with
Mr < −19.5 and halo mass. The tentative mass is then used
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Figure 4. The observed (data points) and predicted (lines) conditional stellar mass functions of galaxies in groups of different halo
masses, as indicated in individual panels.
to estimate the virial radius and velocity dispersion of the
halo, which in turn are used to update the group member-
ship. The procedure is iterated until both group member-
ships and halo masses converge for all groups. Yang et al.
(2007) used mock catalogs constructed from N -body simu-
lations to show that the dark matter halo masses estimated
in this way are consistent with those directly obtained from
the simulations, with scatter of ∼ 0.3 dex over three orders
of magnitude in halo masses that cover the mass range rele-
vant to our analyses. When we compare the CSMFs obtained
from models with the observational results, an uncertainty
of ∼ 0.3 dex is included in the model predictions. The halo
masses used here are M200, the total mass enclosed by a ra-
dius, r200, within which the average density is 200 times the
mean density of the universe.
Lan et al. used only groups at z < 0.05, where halos
with masses of M200 > 1012M are complete. To limit the
uncertainty in redshifts due to peculiar velocities, they also
eliminated groups at z < 0.01. With the groups and their
positions identified in the SDSS DR7 survey area, Lan et al.
estimated the excess of galaxy number in each luminosity
bin within a projected distance of r200 of each group. The
conditional luminosity function (CLF) of galaxies is then
obtained by averaging galaxy counts within all groups of a
given halo mass, with subtractions of the background and
projection effects due to clustering on large scales (see Lan et
al. 2016, for the detail). Lan et al. applied this method to the
photometric sample of SDSS DR7, down to a r-band model
magnitude of 21. This corresponds to Mr ≈ −12 (or L ≈
107L) and Mr ≈ −14 at z = 0.01 and 0.05, respectively.
Since the number density of more massive halos is smaller,
Lan et al. was able to estimate the CLF down to Mr ∼ −12
for low-mass halos (M200 ∼ 1012M), but only toMr ∼ −14
for massive halos.
To convert their CLFs into the corresponding CSMFs,
we use a mass-to-light relation based on galaxy colors and lu-
minosities (e.g. Bell et al. 2003) to obtain the stellar masses
of galaxies. However, the uncertainty in the observed galaxy
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colors, especially for faint galaxies, may bias the stellar mass
estimates and, therefore, the stellar mass functions. To re-
duce such bias, we first separate galaxies into blue and red
populations by using the u-r color separation suggested by
Baldry et al. (2004) [see their equation (11)]. We then use
the observed luminosity of a galaxy and the mean u-r color
for the galaxy population at that luminosity, instead of the
observed color of the galaxy, to estimate the stellar mass.
The mean u-r color-luminosity relations for the blue and red
populations are derived in Lan et al. (2016) [their equations
(C2) and (C3)] based on the same data set. We have made
tests either by using the observed galaxy color or by artifi-
cially introducing some uncertainties in the galaxy color, and
found that all these do not lead to any qualitative change
of our results. Note again, as described in §2, our model
predictions for the stellar masses of individual galaxies also
include some uncertainties in the stellar mass estimates to
mimic the uncertainties in the observational stellar masses.
Lan et al. adopted a Kroupa (2001) IMF for the CSMFs.
With the estimated stellar masses of individual galax-
ies, we measure the CSMFs using the same method Lan et
al. did for the CLFs. The stellar mass functions are mea-
sured down to the limiting stellar masses at which both the
stellar masses of blue and red galaxies derived from the flux
limit photometric sample (r < 21) are complete. In addi-
tion, the limiting stellar mass bins are selected to ensure
that they each contain at least five groups. We bootstrap
the group catalog 200 times to estimate the errors in the
derived CSMFs.
Figure 4 compares the CSMFs to those predicted by
the empirical models. The predictions by the M13 and B13
models are qualitatively similar, with B13 predicting more
low-mass galaxies. Both models under-predict the CSMFs at
the low stellar mass ends, and the under-prediction is more
significant for groups of lower halo masses. Only for massive
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Figure 6. The average stellar mass - halo mass relation for central galaxies from the empirical models considered in this paper, along
with the results in the literature from recent studies that adopted empirical approaches such as halo abundance matching, conditional
luminosity function and halo occupation distribution, for local Universe (left) and z = 2 (right).
clusters are the predictions consistent with the observational
data. The predictions of Y12 are too shallow in the low mass
end; the model systematically under-predicts the CSMF at
the low mass end and over-predicts that in the intermediate
mass range. In particular, Y12 does not predict any upturn
seen in the data.
The L15 model matches the overall behaviors of the
CSMFs over the entire halo mass range. It also matches the
CSMFs in detail for most of the halo mass bins. However,
the low-mass upturn it predicts for more massive halos may
be too steep, especially for the two most massive samples. As
mentioned above, the L15 model used the composite CLF
of galaxies in rich clusters given by Popesso et al. (2006) as
one of the constraints on their model. The faint-end upturn
in this composite CLF is significantly steeper than that of
Lan et al. used here. The over-prediction is therefore due
to the observational data which the model was tuned to
match with. The model seems to under-predict the CSMF
at the low-mass end in two mass bins: the lowest mass bin
of log(Mh/M) = [12.01, 12.34], and the intermediate mass
bin of log(Mh/M) = [13.03, 13.37]. It is unclear if these
discrepancies are due to random fluctuations in the data, or
indicate that the L15 model has to be modified to accom-
modate the data. We will come back to this in the following
section.
Figure 5 compares the observational data with the two
gas simulations. Illustris simulation mismatches the obser-
vation over a wide range of stellar masses for almost all the
halo mass bins. Overall, the simulation significantly under-
predicts the CSMFs at the faint ends, and over-predicts them
in both the massive and intermediate mass ranges. EAGLE
simulation appears to be in better agreement with the ob-
servation, except that it does not reproduce sufficient num-
ber of massive galaxies in low-mass halos. Unfortunately, its
mass resolution prevents us from probing its behavior at the
faint end.
4 MODEL PREDICTIONS
In this section, we compare all the empirical models in their
predictions for the stellar mass - halo mass relation, the
star formation rates and stellar masses in halos of differ-
ent masses at different redshifts, and for the SMFs of high-
redshift galaxies.
4.1 Stellar mass - halo mass relation
Figure 6 shows the stellar mass - halo mass relation pre-
dicted by our updated model, in comparison with the predic-
tions of the other three empirical models considered here and
the results from the literature. Different models made dif-
ferent assumptions for conversions from luminosity to stellar
mass, for prescription of scatter in the relation, and cosmo-
logical models. They also employed different observations
as constraints for the models. Given all these differences, it
is remarkable that the predictions of most models are con-
sistent with each other within ∼ 0.2 dex at z ∼ 0.1 for a
large range of halo masses. All models predict a character-
istic mass scale, Mh ∼ 1012M, at which the stellar mass
to halo mass ratio peaks. Among the more recent results,
B13 is an exception in that it predicts a strong upturn at
the low-mass end. The earlier result of Yang et al. (2003)
was obtained by using their luminosity - halo mass relation
together with the assumption of a constant stellar mass to
luminosity ratio, M/L = 1.8 M/L (in the bJ band of
2dFGRS which they used to constrain their model).
At higher redshift, however, the predictions by different
empirical models differ significantly. In particular, the up-
date of L15, L15-U, predicts a much higher star formation
efficiency for low mass halos at high redshift, because of the
boost of star formation rate at z > zc in low mass halos to
match the upturns in the CSMFs.
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Figure 7. The average star formation rate of central galaxies as a function of redshift for halos of different masses, as predicted by
various empirical models, as indicated.
4.2 Star formation histories in dark matter halos
Figure 7 compares the empirical models in terms of their pre-
dictions for the average star formation rate (SFR) of central
galaxies in halos at different redshifts. Some models predict
complicated star formation histories that are clearly due to
over-fitting of the observational data. The L15-U model pre-
dicts much higher SFRs at z > 2 in low-mass halos than
other models, which is clearly a consequence of the strong
upturns at the faint-ends of the CSMFs used to constrain
the model. The existence of a characteristic redshift, z ∼ 2,
is clearly seen in halos with Mh < 1012 M, and its physical
implications will be discussed later.
Figure 8 shows the model predictions for the average
star formation histories of central galaxies in halos of differ-
ent present-day masses. The predictions of different models
are very different. In particular, for present-day dwarf galax-
ies that reside in halos of Mh(0) < 1011M, L15-U predicts
a very active star formation episode at z > 2. In contrast,
most of the stars in such halos are formed at z < 2 in all
other models. This difference has other observational conse-
quences. Indeed, as discussed in Lu et al. (2014) and Lu et
al. (2015), the early starburst in low-mass halos predicted
by L15 is consistent with the observations that a significant
fraction of old stellar population exists in local dwarf galax-
ies (e.g. Weisz et al. 2011) and that the star formation rate
function at the low-rate end is very steep at z > 4 (e.g.
Smit et al. 2012). For Milky-Way sized halos, the star for-
mation history predicted by L15-U is broader than those
predicted by the other three models. For massive halos with
Mh(0) > 1014M, L15-U predicts a decline of the SFR with
decreasing redshift starting from relatively high redshifts, in
contrast to the predictions of B13 and Y12 that the star for-
mation rates remain relatively high all the way to the present
time, and to the prediction of M13 that a rapid decline only
occurs at z < 1.
All these results demonstrate that different empirical
models can make vastly different predictions for the star
formation histories for present-day galaxies, even though all
the models are tuned to match the observed SMFs.
4.3 Stellar mass assembly histories
Figure 9 shows the average stellar mass assembly histo-
ries for the central galaxies in halos of different present-day
masses predicted by different models. The model predictions
take into account in situ star formation, accretion of satel-
lites, and stellar mass loss due to stellar evolution. Again, for
low-mass halos, where the increase of stellar mass is dom-
inated by in situ star formation (Lu et al. 2015), L15-U is
distinct from the other models in that about half of their
stellar mass at the present was already in place by z ∼ 2 via
star formation (see Figure 8).
For Milky-Way sized halos, however, the differences be-
tween the model predictions are milder. All the models pre-
dict that about half of stellar mass was in place by z ∼ 1.
There is a significant difference between L15-U and other
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Figure 8. The average star formation rate of central galaxies as a function of redshift for halos of different present-day masses, predicted
by the empirical models, as indicated.
models at high z. For example, L15-U predicts that about
15% of the final stellar mass was assembled by z ∼ 2, while
less than 10% was predicted by the other models.
For central galaxies in present-day massive halos with
Mh(0) > 10
14M, the predictions of different models again
become very different. M13 predicts a much later assembly
for these galaxies than any other models. The predictions of
B13 look similar to L15-U, but the increase in stellar mass
with time is due to different reasons. While L15-U predicts
that the increase at z < 2 is dominated by accretion of stars
from satellites, B13 predicts that a significant fraction of the
increase at z < 2 is actually due to in situ star formation
(see Figure 8). This difference is again due to the boost of
star formation in low-mass halos at high z in the L15-U
model. The increased amount of stars formed in progenitors
at high z makes the accretion of stars more important in the
growth of stellar mass in a massive galaxy, and the fraction
of stars formed in situ has to be decreased proportionally
in order to match the final stellar mass of the galaxy. The
results demonstrate the importance of properly modeling the
star formation in low-mass progenitors at high z in order to
understand the star formation and stellar mass assembly
histories of massive galaxies at the present day.
4.4 Stellar mass functions of high-redshift galaxies
Figure 10 shows the predictions of the empirical models for
the stellar mass functions of galaxies at a number of red-
shifts. The predictions of B13 and M13 are similar in both
slopes and amplitudes at the low mass ends, but B13 pre-
dicts many more massive galaxies than M13, particularly at
high redshifts. Y12 predicts significantly flatter slopes at the
low-mass ends, and more galaxies in the intermediate mass
range, than the other three models. The stellar mass func-
tions predicted by the L15-U model match the predictions
of B13 at M∗ > 1010M, but are significantly steeper at the
low-mass ends.
We select some observational SMFs of high redshift
galaxies from the literature to compare with the model pre-
dictions. Specifically, we use the SMFs at 1.3 < z < 3.5
given by Pérez-González et al. (2008) and Marchesini et al.
(2009). Pérez-González et al. used a sample combining data
in three different fields with a total area of 664 arcmin2 that
have a total ∼ 28, 000 systems selected with the 3.6−4.5µm
photometry of Spitzer Space Telescope (Werner et al. 2004).
The sample is complete down to M∗ = 1010M. March-
esini et al. combined data from the deep NIR MUSYC, the
ultra-deep FIRES, and the GOODS-CDFS surveys to derive
the SMFs from the optical to MIR broad bands photometry.
Pérez-González et al. assumed a Salpeter (1955) IMF while
Marchesini et al. adopted a pseudo-Kroupa (2001) IMF. It
is known that the stellar mass estimated using a Salpeter
IMF is roughly a factor of 1.4 higher than that given by
a pseudo-Kroupa or Chabrier IMF, and we correct all the
stellar masses to the IMF we adopt here. For the SMFs at
even higher redshifts, z = 4 − 5, we use the results by Lee
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Figure 9. The average stellar mass assembly history of central galaxies as a function of redshift for halos of different present-day masses,
predicted by various empirical models as indicated.
et al. (2012) and Song et al. (2016). Both B13 and L15-U
match the observational data well at M∗ > 109M, while
the other two models match the high-z data poorly at the
high-mass end. The prediction of the L15-U is significantly
steeper than the observational results given by Song et al.
at z > 4. If the high-z SMFs are as shallow as those given
by Song et al., then there may be a tension between the ob-
served CSMFs at low z and the observed SMFs at high z, at
least within the model family represented by the halo-based
empirical model of L15.
5 SUMMARY AND DISCUSSION
Galaxy formation and evolution within the current cosmo-
logical frame are controlled by a number of physical pro-
cesses, many of which are still poorly understood from first
principles. In the absence of a proper understanding of these
processes, halo-based empirical models provide a useful way
to establish the link between galaxies and CDM halos purely
on the basis of observations and the current cosmology. In
this paper we use a variety of galaxy stellar mass functions
to test a number of popular empirical models. In particu-
lar, we focus on using the conditional stellar mass functions
(CSMFs) of galaxies in galaxy groups as obtained by Lan
et al. (2016) to test the models. We find that the CSMFs
predicted by different models can be very different, even
though they are all tuned to match the observed stellar
mass function of the total galaxy population. This clearly
demonstrates the power of the CSMFs in constraining mod-
els. Since the CSMFs are measured from observations in the
nearby Universe, the samples that can be used are larger,
and the stellar mass functions can be measured to the low-
mass ends. As the galaxies that reside in present-day galaxy
systems, such as clusters and groups of galaxies, are ex-
pected to have formed at various redshifts, the CSMFs in
groups/halos of different masses carry important informa-
tion about galaxy formation in dark matter halos at different
redshifts.
The CSMFs are then used as constraints to update the
original model by Lu et al. (2014, 2015). The model param-
eters obtained here are very similar to those obtained in
the original paper which uses a completely different set of
observational constraints, demonstrating that the different
data sets are consistent with each other. The observational
constraints clearly prefer a model in which star formation
in low-mass halos changes behavior at a characteristic red-
shift zc ∼ 2. There is also a tentative evidence that this
characteristic redshift depends on environments, becoming
zc ∼ 4 in regions that eventually evolve into rich clusters
of galaxies. However, given the uncertainties of the current
observed CSMFs in the low-mass ends, this environmental
dependence of zc needs to be confirmed with better data.
We compare the predictions of a number of popular
halo-based empirical models and two numerical simulations
of galaxy formation. We find that the two numerical sim-
ulations fail to match the observational data one way or
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Figure 10. The model predictions for the field stellar mass functions at high redshifts (solid) in comparison with observations.
another. The empirical models by Yang et al. (2012) and
Moster et al. (2013) fail to reproduce the faint-end upturn
of the field SMFs from observations. The model by Behroozi
et al. (2013) reproduces the faint-end upturn, but it is a
combined result of over-prediction for central galaxies and
under-prediction for satellites at the faint-end. In contrast,
the model by Lu et al. (2014, 2015) matches reasonably well
the CSMFs in halos of different masses. The Lu et al. model
predicts a much higher star formation efficiency than the
other models for low-mass halos at redshifts higher than a
characteristic redshift after which the star formation is sup-
pressed.
We use our constrained model to make predictions for
a number of statistical properties of the galaxy population.
These include the stellar mass functions of galaxies at high
z, the stellar mass - halo mass relations at different redshifts,
and the star formation and stellar mass assembly histories
of galaxies in dark matter halos of different masses. A com-
parison of our model predictions with those of other em-
pirical models shows that different models can make vastly
different predictions for these properties, even though all of
them are tuned to match the observed stellar mass functions
of galaxies. In particular, our constrained model predicts a
much higher in situ star formation rate at z > 2 for present-
day dwarf galaxies than the other models. As a result, such
galaxies have about 40% of their current-day stellar mass
already in place by z ∼ 2. Because of this boosted star for-
mation in low-mass halos at high z, the role of accretion of
stars from satellite galaxies, relative to in situ star forma-
tion, in the build up of massive galaxies is more important
in our model than in the other models.
One of the main predictions of our constrained model
is the existence of a characteristic redshift that separates an
active star formation phase from a subdued star formation
phase in low-mass halos. This change in star formation mode
is likely related to the feedback processes that regulate star
formation. As discussed in Lu et al. (2014, 2015), energy
feedback from stars and AGNs associated with active star
formation and super-massive black hole accretion at high
redshift may preheat the gas media around dark matter ha-
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los and suppress gas accretion and star formation at lower
redshift (Mo &Mao 2002, 2004). Based on plausible assump-
tions about the star formation histories of the universe and
the density of the intergalactic medium, the pre-heating is
expected to occur around z = 2−3, and the specific entropy
of the preheated gas is ∼ 10KeVcm2, which is important in
affecting star formation in low-mass halos, because of their
relatively shallow gravitational potential wells, but has no
significant effects on halos with masses above ∼ 1012 M
(e.g. Lu & Mo 2007). This preheating may also explain why
the cold gas mass function at z ∼ 0 is shallow (Mo et al.
2005). In such a scenario, the pre-heating is expected to oc-
cur earlier in regions occupied by present-day massive halos,
because intensive star formation and AGN activity are ex-
pected to occur earlier in higher density regions where grav-
itational collapse is more accelerated. Our tentative finding
of the positive dependence of the characteristic redshift on
halo mass is in agreement with such an expectation, but bet-
ter observational data are needed in order to examine such
dependence in more detail.
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